The first paper [1] in this two-part miniseries on conceptual understanding discussed expert and novice conceptual knowledge, the multifaceted nature of conceptual understanding, and the cognitive skills essential for constructing it. This second article presents examples of instruments for the assessment and development of five facets of conceptual understanding that require competence in the cognitive skills of mindful memorization, integration, transfer, analogical reasoning, and system thinking. We also argue for the importance of explicitly assessing these facets of conceptual understanding as part of all biochemistry and molecular biology curricula so as to develop expert knowledge in our students.
The first article [1] in this miniseries on conceptual understanding described how cognitive skills are essential for the construction of expert knowledge. We argued that conceptual understanding and the associated cognitive skills are multifaceted in nature, and that it is necessary to explicitly develop such knowledge and cognitive abilities in our students in order to scaffold them along the novice-expert continuum. In this regard, the following five cognitive skills were considered crucial to the development of knowledge about each scientific concept [1] and to the fostering of meaningful learning in biochemistry and molecular biology students: 1) Memorize knowledge of the concept in a mindful manner, as distinguished from rote learning; 2) Integrate knowledge of the concept with that of other related concepts so as to develop sound explanatory frameworks; 3) Transfer and apply knowledge of the concept to understand and solve (novel) problems; 4) Reason analogically about the concept; 5) Reason locally and globally about the concept (system thinking).
Because assessment can be used as a powerful ''Bridging-the-Gap'' tool for promoting learning [2] , we argue that specifically designed tasks, which focus on each of the above cognitive skills [1] , could be effective in both promoting and grading students' cognitive competence and their multifaceted understanding of concepts. Indeed, assessment should focus on stimulating learners to actively engage in constructing meaning, rather than passively recalling knowledge (e.g. [3, 4] ). In support of this, Klymkowsky et al. [5] , founders of the Biology Concept Inventory (BCI), 1 have stated that biology education requires instruments that go beyond testing rote learning. Fostering such a ''bioliteracy'' is intertwined with measuring conceptual understanding ''as a means of assessing student fluency in a subject area and as a measuring stick of, and impetus for curricular reform aimed at improved teaching and learning'' [5, p. 156] . These workers [6] have stressed the need for assessment tasks that can enhance students' understanding of the key biological ideas. The objective of this article is to address the following questions:
• What types of instruments are available for assessing conceptual understanding in science education? • What assessment tasks can be used to measure and develop the five cognitive skills central to each facet of conceptual understanding in biochemistry and molecular biology?
INSTRUMENTS FOR ASSESSING CONCEPTUAL UNDERSTANDING
The science education literature contains numerous examples of assessment instruments that are deemed reliable and valid tools for measuring students' conceptual understanding. As conceptual understanding is multifaceted [1] , use of one type of instrument will only yield information about a particular aspect of students' knowledge and will never serve as a complete indicator of understanding [7] . Therefore, it is important to use a range of instruments that probe a variety of cognitive skills.
White and Gunstone [7] have described various ways of assessing students' conceptual understanding. These include concept mapping (see Qu. 3 later), word association, predict-observe-explain (POE), and drawing-related tasks. In addition, Sundberg [8] has outlined a range of ''quantitative'' and ''qualitative'' assessment tools and suggests that modern teaching requires multiple forms of assessment if instructors are to truly monitor student understanding. Types of assessment suggested include pretest-posttest instruments, Likert scale items, observation, individual and group interviews, and concept mapping. In addition, short-answer essays (see Qu. 2, 6-8 later) and empirically based diagnostic tests (see Qu. 4 later) can also be helpful. Resources such as the Fieldtested Learning Assessment Guide (FLAG) [9] can also provide instructors with practical information about different assessment techniques [8] .
Multiple-choice questions (MCQs) are popular in the biological sciences [10] for assessing students' conceptual understanding, particularly in large classes where grading is time-consuming. MCQs are particularly useful for the development of concept inventories and related diagnostic tests that aim to assess students' conceptual understanding. The prevalence of such tests is expanding and they include, for example, the BCI [5, 6] , the conceptual inventory of natural selection [11] , as well as question banks focusing on photosynthesis [12] , diffusion and osmosis [13] , cellular transport [14] , and visualized biochemical structures [15] . In addition, Khodor et al. [16] have formulated a hierarchical biology concept framework (BCF) that shows the relationships between concepts, highlights concepts that are difficult for novices to learn, and demonstrates what concepts are important for teachers to assess. Klymkowsky et al. [5] are developing items for the BCI that can be used to assess students' conceptual understanding of the fundamental ideas in molecular, cell, and developmental biology. These authors view their inventory as a ''lever for moving our current educational system in a direction that delivers a deeper conceptual understanding of the fundamental ideas upon which biology and biomedical sciences are based'' (p. 155). In this regard, because students come to class with their own uniquely constructed ideas and beliefs about how the world works (e.g. [17, 18] ), such prior knowledge often conflicts with scientifically acceptable knowledge, preventing students from engaging in meaningful learning.
Although popular, MCQs may or may not yield useful information on students' conceptual understanding, depending on their particular design. There are at least three variants of MCQs: The common one-tier, one-tier with a written explanation for the choice made [19] , and two-tier MCQs [20] . One-tier MCQs do not always provide reliable measures of conceptual understanding because one student's selection could be based on a sound understanding while another student's selection could be the result of simple ''guesswork.'' In addition, one-tier MCQs also ''suffer'' from the erroneous assumption that at least one of the response options is a mirrored account of a student's understanding of a concept. To help alleviate this problem, one-tier MCQs that require students to give an explanation for their choice (see Qu. 4), induce expression of actual understanding. As students often ''know'' the right answer but often do not know the reason why, this design allows the instructor to independently grade the ''MCQ part'' and/or the ''explanation part,'' or use the explanation to check whether exposed difficulties are real. Another approach is to ask students to rate how confident they feel about their choice(s). In two-tier MCQs [20] , the first tier is a multiple choice content question based on propositional statements (the ''what'') and the second tier is a further multiple-choice group of reasons corresponding to the first tier (the ''why''). The second tier is composed of alternative conceptions and one scientifically sound reason that are often generated from educational research. The second tier sometimes includes a further ''choice'' in which learners can provide an alternative written answer should they feel none of the second-tier statements are ''correct.'' Several studies have shown that two-tier MCQs are a reliable and valid means for diagnosing conceptual and reasoning difficulties or learning gains (e.g. [12] [13] [14] ).
Azer [21] has expressed concern that the literature contains few guidelines for designing MCQs that assess deep conceptual understanding and higher-order thinking skills in medical education. In response to this concern, Azer provides examples of common pitfalls to avoid in constructing MCQs, including avoiding double-negative statements in distracters. Azer also provides practical tips for helping examiners design MCQs that test cognitive skills required for deeper understanding. These include suggestions that MCQs should address specific educational objectives, encourage integration and application of knowledge, address factors that affect the validity of questions, and that students are exposed to examples prior to assessment. In addition, Haladyna et al. [22] have developed a comprehensive taxonomy that describes 31 general MCQ-writing guidelines that particularly focus on content, formatting, style, writing the ''stem,'' writing the ''choices,'' and ensuring plausible distracters.
While not always practical for instructors, the ideal scenario is to adopt a science education research approach that first uses open-ended questions to establish real alternative conceptions, which are then incorporated into MCQs as reliable and valid distracters [19] . This is extremely important as there is growing evidence (e.g. [23] ) that distracters can be considered by students as scientifically plausible causing them to develop new alternative conceptions.
The advantage of open-ended questions is that they can provide rich qualitative data on aspects of students' understanding, including misconceptions and reasoning difficulties [19] . However, openended questions cannot be easily administered to large groups of learners, whereas MCQs are particularly suitable for such classes and can readily generate information suitable for direct quantitative analysis.
White [24] has called for instructors to employ ''concept questions'' for measuring ''real'' understanding in biochemistry and molecular biology. Generally speaking, concept questions do not require the passive regurgitation of knowledge and they are largely unaffected by ''open-book'' assessment conditions. In our view, conceptual questions that are of the short-answer (see Qu. 1, 4), open-ended, and short-essay types (see Qu. 2, 6-8), diagram-related type, or observable type (see Qu. 5) can yield deep insights into students' understanding. Unlike one-tier MCQs, where response options are fixed, these instruments allow for a potentially unlimited range of scientifically-sound (and unsound) answers. In this regard, we recommend the use of an ''evolving model answer'' in which scientifically correct responses other than that of the instructor's solution are pooled as the grading of scripts proceeds and are given equal chance of scoring full marks. This approach encourages students to be more creative and confident in their thinking as they realize that their own ideas will receive fair treatment. In turn, this minimizes typical ''what the lecturer wants to hear'' responses. Hence, open-ended type questions are sometimes more useful than MCQs for assessing conceptual understanding.
ASSESSING AND DEVELOPING THE FIVE FACETS OF CONCEPTUAL UNDERSTANDING IN STUDENTS
In this section, we present specific assessment tasks that can be used to measure and promote the development of student knowledge with respect to the five facets of conceptual understanding and the corresponding cognitive skills [1] . Our objective is to illustrate how readers might use assessment as a powerful ''bridging-thegap'' tool for fostering students' development of multifaceted knowledge indicative of experts. The presented tasks stem from three sources, our own educational research, the science education literature, and from two experienced biochemistry educators. Our aim is to present a limited number of tasks that clearly illustrate how each cognitive skill might be assessed and developed in students. We do presuppose that biochemistry students would be familiar with the conceptual area pertaining to each of the tasks. Suggested ''optimal'' solutions to each of the tasks are briefly presented in the Appendix.
Memorize Knowledge of the Concept in a Mindful Manner
According to Mayer [3, p. 228] , the ability to memorize or remember factual information is comprised of two related cognitive processes. Recognizing (identifying) is described as ''locating knowledge in long-term memory that is consistent with presented material.'' Recalling is described as ''retrieving relevant knowledge from longterm memory'' [3, p. 228] . Although the engagement of both recognizing and recalling processes is essential for acquiring factual knowledge, mindful memorization requires going a bit beyond simply ''knowing,'' recalling or being able to ''repeat'' facts, and it is more concerned with employing a richer level of memory [1, 25] . Mindful memorization involves acquiring factual information with some specific intention or purpose in mind-for employment in higher-order cognitive activities such as the integration and application of knowledge for the solving of problems. Thus, although we wish to avoid overemphasizing the role of memorization in the development of students' conceptual understanding, we feel that it is crucial to explicitly distinguish this process from rote learning (e.g. [24] ) and emphasize that ''parroting'' is not synonymous with deep understanding (anonymous reviewer, personal communication). In this regard, we suggest that the following two tasks developed by H.B. White Responding to Qu. 1 requires the student to have some or other purpose for the ''energy source'' in mind. By the same token, Qu. 2 calls on the ability to ''make sense'' of information by first describing how an antifolate drug might function, followed by expressing an understanding of the implications of this knowledge for medical treatment. Thus, assessing students' mindful memorization of knowledge is an important facet of conceptual understanding in the biomolecular sciences because it is a cognitive priori to building knowledge of a concept, one that precedes other ''higher-order'' cognitive skills such as those discussed later.
Integrate Knowledge of the Concept with That of Other Related Concepts so as to Develop Sound Explanatory Frameworks
The promotion of students' explanatory frameworks and accompanying integration skills are crucial for fostering expert knowledge in the life sciences [1] . In this regard, Novak [26] has shown that concept mapping is a versatile tool for promoting the development of students' integration skills and integrated knowledge, and for assessing changes in students' conceptual understanding during a course. Concept mapping tasks can take several forms. For example, students could be supplied with specific concepts, a diagram representing related concepts, or asked to identify key concepts essential for explaining a specific topic. A favored map structure (e.g. ''top down hierarchies,'' ''spokes,'' ''chains'' or ''nets'') may also be specified, or students could be provided with a partially completed map and asked to ''add in'' concepts or supply necessary links. In the following task kindly supplied by H.B. White (personal communication), students have to ''complete'' a map to demonstrate how different concepts and processes are interrelated:
Qu. 3: Carbon monoxide, an odorless, colorless, and tasteless gas, is deadly. An atmosphere containing 0.1% carbon monoxide (CO) can lead to death within an hour. CO binds to human hemoglobin 220 times more tightly than does oxygen (O 2 ). In 2003, Nascar driver Rick Mast retired because of acute and chronic CO poisoning that resulted in severe headaches and other symptoms in his work environment (New York Times, February 2, 2003) . Analysis of the blood of Americans shows that between 0.5 and 2% of the hemoglobin in the blood of rural nonsmokers has bound CO. This level can increase to as much as 5% in urban nonsmokers and 9% in heavy smokers. The value is never 0%, because CO is produced naturally in the body in the conversion of heme to bilirubin. Complete the concept map below by filling in the empty boxes with the most appropriate words: Solving Qu. 3 requires students to engage the higherorder skill of integrating a range of potentially ''disconnected chunks'' of information [1] , about concepts pertaining to hemoglobin and related physical, molecular, and cellular processes, into an explanatory framework that captures the understanding of hemoglobin and CO poisoning. Thus mapping tasks such as Qu. 3 are beneficial for both developing and assessing students' integration skills and integrated understanding of a topic. The literature contains several avenues for using concept maps to assess such student knowledge. For instance, concept maps can be used in formative assessment [2] to provide feedback to students and instructors. This can involve comparing student maps with expert maps through the use of resources such as Cmap [27] which offers a ''compare concept maps'' facility. In this case, an expert map can be used as a ''control'' for identifying ''gaps'' in the students' knowledge as well as so-called ''critical'' [28] or ''threshold'' [29] concepts that underpin higher-order concepts. Identification of such concepts, as well as any inappropriate links between concepts, can inform strategies for correcting the student's difficulties. Student maps may also be scored during summative assessment [2] by awarding students grade points that include the number of relevant concepts, the number of valid links between concepts, and map complexity [28] . Examples of more complex scoring systems are outlined by Wandersee [30] and Ruiz-Primo [31] . Although such scoring systems are useful for grading, concept maps tend to be unique to each individual and, therefore, not always easy to assess (anonymous reviewer, personal communication).
It is important that students practice generating maps, as the tool in itself requires procedural skills that need to be explicitly developed. In this regard, practical protocols for constructing ''paper-based'' concept maps have been described by White [32] and Allen and Tanner [33] , while software such as Cmap [27] and Inspiration [34] could be useful to instructors. More advanced visualization of the relationships between students' concepts can be achieved through the use of SemNet [35] software, which externalizes learners' knowledge as highly sophisticated ''semantic networks'' (anonymous reviewer, personal communication). Relationships in semantic networks are n-dimensional, meaning that they can point (bidirectionally) in an infinite number of directions in 3D space. Gorodetsky and Fisher [36] observed that biology students who used SemNet recalled and accurately used twice as many concepts as students who did not use the tool.
Transfer and Apply Knowledge of the Concept to
Understand and Solve (Novel) Problems
The application of knowledge about a concept to the solving of (novel) problems is a crucial facet of conceptual understanding and meaningful learning [1, 3] . Such transfer processes stimulate students' construction of integrated knowledge, thereby rendering the knowledge more accessible and useful [37] . This is essential as it is well known that students tend to, for example, separate what they learn in physics and chemistry from biochemistry (e.g. [4] ) and only ''open'' one ''content box'' at a time, rather than transfer knowledge across disciplines. It is necessary to formally teach and assess transfer skills so that students develop problem-solving proficiencies that characterize experts [1] .
The science education literature suggests that there are at least three prerequisites for successful transfer (e.g. [38] ). First, knowledge must be memorized mindfully [25] . Second, knowledge must be integrated into an explanatory framework and contextualized [3, 37] . Third, students need to be made aware that knowledge learnt in one context is often applicable to other contexts. Assessment can be used as a powerful tool for promoting the development of transfer skills in students [1] . For example, consider the following MCQ (Qu. 4) developed and validated by Garvin-Doxas and Klymkowsky [6, p. 232] . We believe that this question is a very effective means for assessing students' understanding of the diffusion concept and promoting the development of transfer skills in students, through requiring them to apply their knowledge of the concept, learned in chemistry (or physics), to the context of a biochemical process, while avoiding inappropriate transfer described in the distracters. We have modified the question by requiring students to provide a reason for their choice:
Qu. 4: Imagine that you are an ADP molecule inside a bacterial cell. Which best describes how you would manage to ''find'' an ATP synthase so that you can become an ATP molecule? a) I would follow the hydrogen ion flow b) The ATP synthase would grab me c) My electronegativity would attract me to the ATP synthase d) I would be actively pumped to the right area e) Random movements would bring me to the ATP synthase Provide a reason for your selection above . . .
Thus Qu. 4 requires students to transfer their knowledge of the concept that ''the random process of diffusion takes place all the time'' to the context of a (novel) biological process [6] . Some readers may feel that the anthropomorphic nature of Qu. 4, that is, that the ADP molecule has some or other ''conscious intentionality'' (G.E. Hö st, personal communication), may be a potentially misleading device that should be avoided in the design of assessment items (anonymous reviewer, personal communication). However, research by Zohar and Ginossar [39] has provided arguments for the potential pedagogical value of anthropomorphic reasoning, provided students are explicitly guided as to the role that a particular anthropomorphism is playing in the communication of a concept.
In conclusion, although biology education research has shown that knowledge transfer is often a demanding process for learners to engage in [40] , it is perhaps the most essential expert facet of conceptual understanding in biochemistry and molecular biology and it should be explicitly developed and assessed in our students.
Reason Analogically About the Concept
Analogies are used extensively to reason about phenomena [1] , a process that is not automatic in novices [41] . In agreement with Orgill and Bodner [42] , we propose that this integral facet of conceptual understanding be explicitly taught and assessed as part of formal biochemistry curricula. To facilitate analogical reasoning, it is key that instructors explicitly explain the relationship between the analog and target concept(s) to ensure that students avoid interpreting the analogy as a literal depiction of reality. This is important as the nature of the analogy, students' conceptual knowledge and their analogical reasoning skills are all pivotal factors in determining whether an analogy will foster student understanding (e.g. [43] ). Given that analogical reasoning is an important component of expert knowledge, the following assessment task could contribute to promoting this facet of conceptual understanding: Qu. 5: Use the three different-strength magnets and iron nails provided to develop an analogy for explaining the transfer of electrons between electron carriers during oxidative phosphorylation. Fully describe how your analogy is related to what you think are the ''target'' concepts. Also suggest how the features of your analogy are similar and different to how electron transport occurs in vivo.
The analogical reasoning required to respond to Qu. 5 involves at least three mappings between analog and target concepts. First, students should map between the idea of each magnet being representative of a single electron-carrier and each nail being representative of an electron. Second, students should map the idea of the differences in magnetic attraction between nails and magnets of different strengths, to the idea of differences in ''electron affinity'' between electron carriers of different redox potentials that determines the sequence of electron transport. Third, to gain understanding about how electrons are physically transferred, it is necessary for students to map the idea of a collision between magnets (and corresponding transfer of one nail from one carrier to another) to the idea that, during redox reactions, electrons are transferred through random collisions between carriers rather than ''jumping'' from one statically positioned carrier to another.
Apart from stimulating learners to expose the limitations and strengths of a particular analogy when promoting analogical reasoning, it is also very important for instructors to explicitly point out the dissimilarities (and similarities) between analog and target concepts (anonymous reviewer, personal communication). In addition, Clement [44] has proposed a useful teaching strategy for remediating alternative conceptions involving the use of bridging analogies during active learning environments. Such analogies are considered as an intermediate between the source analog and the target concept and share features with both of them. The bridging analogy divides the process of matching the source to the target analogy into smaller, easier to comprehend steps. In this way, students can identify both the similarities and dissimilarities between analog and target concepts so that they correctly map the one to the other (anonymous reviewer, personal communication). Thus in summary, we suggest that it is vitally important to teach and assess analogical reasoning as part of curricula so that the students gain this important facet of expert conceptual understanding.
Reason Locally and Globally About the Concept (System Thinking)
Local and global reasoning skills are fundamental to biological understanding. However, students often focus only on the local effects, and tend to neglect the global effects of dynamic processes [1] . For example, Cohen et al. [45] found that when students were asked what happens when one part of an electric circuit was altered, 27% of students considered only the local effects of the change and did not think about global changes to the whole circuit. Within the domain of metabolic pathways, explaining the control properties of networks of coupled enzyme-catalyzed reactions in steady state requires systems thinking and a theoretical framework such as metabolic control analysis (e.g. [46] ). The reason for this is that an emergent, systemic property (such as the degree of control that a particular enzyme exerts over the flux through the pathway of which it is part) depends on the local properties of all the individual enzymes and the way they are connected, and it cannot be explained in terms of the properties of that single enzyme alone (J.-H.S. Hofmeyr, personal communication). The following three tasks (kindly supplied by Hofmeyr) illustrate the type of questions that could be used to assess and facilitate the development of students' system thinking in biochemistry.
Qu. 6: An idea that still permeates much of the biochemical literature and textbooks is that a sequence of coupled reactions must contain one step, the so-called rate-limiting step, which fully determines (controls) the metabolic flux through the pathway. Explain what properties an enzyme-catalyzed step must have in order to be rate-limiting, that is, fully control the steady-state flux through the sequence of reactions of which it is part. Qu. 7: A central result of metabolic control analysis is that the control of flux can be shared between the steps in the system, and that no step need be fully rate-limiting. Using a simple two-step coupled reaction system, explain what properties the two enzymes must have in order for the second to have 60% control over the flux and the first the remaining 40%. Qu. 8: Explain why a near-equilibrium reaction cannot control the flux of a metabolic pathway.
Finding a feasible solution to Qu. 6 requires students' to first develop the ''local'' thinking that, for a step to be ''rate-limiting,'' it must be insensitive to changes in its substrate and product concentrations. Qu. 7 then calls on the development of a more ''global,'' system-type thinking to understand that the flux of a particular step in a metabolic pathway depends on the properties of all the steps in the system. Finally, Qu. 8 can be used to promote more advanced system-type thinking in that, although a near equilibrium reaction step in a pathway is very sensitive to changes in its substrate and product concentrations, the degree to which it is from equilibrium must be considered in the light of the overall metabolic system of which it is part.
Overall, students' local and global reasoning about a concept is an important component of expert knowledge. Such emphasis is supported in a recent study by Verhoeff et al. [47] , who have shown that students' coherent understanding in cell biology shares an intimate relationship with a ''systems thinking competence'' (p. 543). Consequently, tasks such as those aforementioned could be used to assess and develop this type of reasoning as part of formal curricula in biochemistry and molecular biology.
CONCLUSION
The aim of this article was to provide examples of tasks that can be employed to assess and develop five facets of students' conceptual understanding and the corresponding cognitive skills [1] . An ideal assessment scenario would be to develop questions that are both valid and reliable measures of conceptual understanding as well as being efficient to grade (J. Voet, personal communication). In this regard, we have presented eight examples of tasks that could partly satisfy these requirements. Overall, well-designed MCQ variants or ''short answer'' items could be suitable for large classes where instructors seek grading efficiency without compromising question validity. In contrast, ''open-ended'' instruments are particularly suited to smaller classes, where instructors have more time to access the student's reasoning and knowledge construction. Nevertheless, it is advantageous to use a range of assessment tasks so as to promote the development of as many facets of conceptual understanding in students as possible so that they progressively develop from being novices into experts [1] . As students do not acquire such expert knowledge and skills automatically, instructors need to explicitly teach them as part of all course curricula. In this way, assessment would be used as a powerful ''bridging-the-gap'' tool [2] for promoting the development of conceptual understanding and related cognitive skill competencies.
The next article of this column will consider the nature and assessment of students' interpretation and visualization of external representations in biochemistry and molecular biology. In this regard, we will aim to show how assessment could be used to promote students' skills necessary for interacting with the array of visual representations that communicate our science.
